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Abstract
We describe a systematic screening to search for molecules that act as an extracellular signal during somitogenesis in vertebrates.
Somitogenesis, which gives rise to segmented structures of axial bones and muscles, is a consequence of cooperative morphogenetic
movements caused by precisely regulated cell and tissue interactions. We employed a strategy that combined subtractive hybridization to
enrich paraxial mesoderm/somite-specific cDNAs and the signal sequence trap method, which selects signal sequence-containing molecules.
Ninety-two independent cDNAs found to possess a putative signal sequence or a transmembrane domain are presented with a data base
accession number for each. These clones include cDNAs which were previously identified with a function characterized, cDNAs previously
identified with an undetermined function, and also cDNAs with no similarity to known sequences. Among them, 16 clones exhibited peculiar
patterns of expression in the presomitic mesoderm/somites revealed by whole-mount and section in situ hybridization techniques, with some
clones also being expressed in the forming neural tube. This is the first report in which an elaborate strategy combining three different
screening steps was employed to identify signaling molecules relevant to a particular morphogenetic process.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
During development of multicellular organisms, interac-
tions between adjacent cells and tissues are indispensable
for morphogenesis and patterning to occur properly. These
interactions include paracrine and juxtacrine signaling, and
also cell–cell and cell–matrix adhesions (Gilbert, 2000).
The somites in vertebrates are composed of a transient
segmented structure and give rise to all the axial bones and
skeletal muscles in the trunk region. It is well known that a
series of cell signaling cascades precisely specify and de-
termine the differentiation process of the somitic precursors.
Somitogenesis serves as a useful model for studying inter-
cellular signaling in morphogenesis because it offers several
advantages, including reiterated processes of segmentation
and also a stereotyped and simple structure of the tissue.
During gastrulation, mesenchymal cells feed into the caudal
presomitic mesoderm (PSM), a pair of strips located on both
sides of the midline of the body. The cells subsequently shift
their relative position rostrally in the PSM, and when they
reach the anterior end of PSM, a group of coalescing cells
exits as an epithelial sphere, producing a pair of somites.
After segmentation takes place, cells in the somite become
segregated into two major components, the sclerotome and
dermomyotome, forming the vertebral and rib bones, and
the dermis and skeletal muscles, respectively (Christ and
Ordahl, 1995; Brand-Saberi and Christ, 2000; Stern and
Vasiliauskas, 2000; Stockdale et al., 2000; Pourquie, 2001).
Thus, important landmarks in somitogenesis are periodicity,
segmentation, epithelialization, and differentiation, and all
these processes need to be properly regulated and coordi-
nated by cell and tissue communications.
In the posterior PSM, the segmentation clock, believed to
operate to determine the periodicity of segmentation
(Palmeirim et al., 1997; Maroto and Pourquie, 2001) is
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controlled by FGF and Notch, each of which is well known
as an intercellular signaling molecule (Jiang et al., 2000;
Dubrulle et al., 2001). Notch/Delta signaling is also re-
quired to establish reiterated patterns of several segmenta-
tion genes prior to the formation of a morphological bound-
ary (Pourquie, 2001; Saga and Takeda, 2001 and references
therein). When a fissure forms to separate successive
somites, an inductive activity, called a segmenter, has re-
cently been found to act presumably as an extracellular
signal at the presumptive somite boundary in the anterior
PSM (Sato et al., 2002). A membrane-bound ligand Ephrin
and its receptor Eph are expected to play roles in the cell
segregation during this step (Durbin et al., 1998, 2000;
Holder and Klein, 1999). The surface ectoderm is also
required for the morphological segmentation (Palmeirim et
al., 1998; Correia and Conlon, 2000; Schmidt et al., 2001).
After a somite forms as a spherical structure, cells undergo
overt differentiation in response to signals emanating from
the surrounding tissues. By this time, the somite exhibits
distinct polarities along the anterior–posterior (A-P), dorso-
ventral (D-V), and mediolateral (M-L) axes of the body. In
the ventromedial region of the somite, cells undergo epithe-
lial– mesenchymal transition to differentiate into the scle-
rotome by the action of Sonic Hedgehog (Shh) and Noggin,
signaling molecules secreted from the notochord (Fan and
Tessier-Lavigne, 1994; Johnson et al., 1994; McMahon et
al., 1998; Brand-Saberi and Christ, 2000; Dockter, 2000).
The dorsolateral portion of the somite is influenced by the
neighboring tissues, such as the notochord/neural tube,
overlying surface ectoderm, and also the lateral plate (Or-
dahl and Le Douarin, 1992; Rong et al., 1992; Munsterberg
and Lassar, 1995; Pourquie et al., 1996; Sosic et al., 1997;
Tonegawa et al., 1997; Tonegawa and Takahashi, 1998).
The importance of tissue interactions is also strengthened by
the fact that a D-V rotation of newly formed somites does
not disturb normal development of the sclerotome and the
myotome (Aoyama, 1993). Extracellular signals relevant to
somitogenesis include Wnts, Noggin, and BMPs, known as
extracellularly acting molecules (Munsterberg et al., 1995;
Stern et al., 1995; Pourquie et al., 1996; Tonegawa et al.,
1997; Borycki et al., 1998; Tonegawa and Takahashi, 1998;
Borycki and Emerson, 2000; Brand-Saberi and Christ,
2000). Cell adhesion molecules including N-cadherin, Cad-
herin 11, and integrin are known to be important for proper
allocation and maintenance of the somitic cells (Goh et al.,
1997; Horikawa et al., 1999; Horikawa and Takeichi, 2001).
Thus, the patterning and morphogenetic movements occur-
ring during somitogenesis are precisely regulated by tissue
interactions and cell communications. The aim of this study
was to search for intercellularly acting molecules including
those previously unidentified that are expected to play roles
in somitogenesis. We focused on chicken somites because a
great amount of knowledge has accumulated concerning
cell and tissue interactions in this model animal.
Specific efforts were made in this study to systematically
identify genes that encode a protein acting between cells.
Most of the membrane-associated and secreted proteins are
translated as precursors containing a signal peptide at its
amino-terminal end which allows protein insertion into the
membrane of the endoplasmic reticulum and is cotransla-
tionally removed in the lumen. Exploitation of the ability of
the signal peptide to go into the secretory pathway was first
demonstrated to select cDNAs in the method called a signal
sequence trap (SST) (Tashiro et al., 1993; Klein et al.,
1996). Briefly, the reporter protein human interleukin-2
receptor (hIL-2R) is directed to the cell surface only when
it is combined with a signal sequence derived from a cDNA
library. We employed the SST method in conjunction with
a cDNA subtraction technique to obtain PSM/somite-spe-
cific proteins possessing a signal sequence. We obtained 92
clones that possess a putative signal sequence or a trans-
membrane domain(s). They include genes that are known to
be expressed in the PSM/somite, genes with known or
inferred functions but with previously unknown expression
in the PSM/somite, genes with some similarity to ESTs but
not predictable for the function, and also novel genes. For
the 16 cDNAs obtained, we describe their expression pat-
terns during early somitogenesis by whole-mount in situ
hybridization and also by in situ hybridization on histolog-
ical sections.
Materials and methods
Chicken embryos
Chicken embryos were collected from fertilized White
Leghorn chicken eggs according to the Hamburger-Hamil-
ton stage (Hamburger and Hamilton, 1951).
cDNA library construction and the SST screening
Total RNA was extracted (ISOGEN, Nippon gene) either
from tissues containing PSM/somite (somite stage 0-V;
Christ and Ordahl, 1995) or from the lateral plate of 100
stage 14 chicken embryos. Poly (A) RNA was prepared by
using poly (T)-coated beads (Oligotex dT30, Roche). The
cDNA libraries for subtractive hybridization were con-
structed by using the SMART PCR cDNA Synthesis kit
(Clontech PT3041-1) with a slight modification. Three hun-
dred and forty nanograms of poly (A) RNA was used to
construct each library. For the first-strand cDNA synthesis,
the EcoRI–polyG adapter (5-AAGCAGTGGTAA-
CAACGCAGAGTACTACAGAATTCGTCGCGGG-3)
was used to label the amino-terminal end of cDNAs instead
of the original SMARTII oligonucleotide. Subtractive hy-
bridization was carried out according to the manufacturer’s
instruction of the PCR-Select cDNA subtraction kit (Clon-
tech PT1117-1). Subtracted cDNAs were digested with
Rsal, followed by a ligation with HindIII adapters using the
Nucleotrap PCR Purification kit (Clontech K3071-1).
cDNA fragments including the 5 end were further enriched
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from the subtracted cDNA pool using a set with a 5 end-
specific primer (5-ACTACAGAATTCGTCGCGGG-3)
and a primer specific to the HindIII adapter (5-GCA-
CAAGCTTGATATCGGATCC-3) (See Fig. 2). PCR prod-
ucts were digested with EcoRI and HindIII, and were sub-
sequently subcloned into the pTac vector (Tashiro et al.,
1993) after eliminating cDNA fragments shorter than 100
bp using CHROMASPIN-400 (Clontech K1333-1). Three
types of pTac vectors with a different coding frame in
regard to the reporter were prepared. A ligation mixture was
introduced into Escherichia coli DH5 electro-cells
(TAKARA) by using the BioRad Gene pulser electropora-
tor. Colonies were selected and numbered on master LB
plates in a 7  7 or 8  4 format. A pool of plasmids
containing 49 or 32 clones was prepared with the QIAprep8
miniprep kit (QIAGEN) and transfected into COS 7 cells.
Transfected COS 7 cells were subjected to cell surface
immunostaining with anti-human IL-2R antibody. A cDNA
pool found to be positive was further divided into several
pools for successive immunostaining until a single positive
clone was obtained.
Southern blot analysis
The effectiveness of the subtraction procedure was tested
by Southern blot analysis. An equal amount of PCR prod-
ucts of unsubtracted and subtracted tester cDNAs was elec-
trophoresed on a 1.5% agarose gel (2.5 g per lane), trans-
ferred to a nylon filter, and hybridized either with a DIG-
labeled -actin probe (553–969 bp; GenBank L08165) or a
chicken Delta-1 probe (891–1837 bp; GenBank U26590).
COS cell transfection and immunostaining
COS 7 cells maintained in Dulbecco’s modified eagle
medium (DMEM) with 10% fetal bovine serum (FBS) were
grown in six-well cell culture plates until 60–80% conflu-
ent, and transfected with 1 g of each cDNA pool using 10
l of PolyFect according to the manufacturer’s instruction
(QIAGEN). Transfected cells were harvested after 48 h and
washed with phosphate-buffered saline (PBS). To detect the
cell surface expression of hIL-2R, the living cells were
detached from a culture dish by treatment with 5 mM
ethylenediaminetetraacetic acid (EDTA)/PBS for 5 min at
room temperature. After adding 5% FBS/PBS twice the
volume of EDTA/PBS, the cells were collected by pipetting
and immunostained with FITC-conjugated mouse anti-hu-
man IL-2R CD25 antibody (1/20 dilution; DAKO).
DNA sequence analysis
cDNAs were sequenced from the 5 and 3 ends by using
the Big Dye terminator kit with a 3100 automated DNA
sequencer (Applied Biosystems). Sequences were analyzed
by using Gene Works software (IntelliGenetics). Similarity
searches for nucleic acid and protein sequences were per-
formed by using the gapped BLAST algorithms (Altschul at
al., 1997) via the internet at http://www.ncbi.nlm.nih.gov/
BLAST/. Prediction of the signal sequence was carried out
with the Signal P program (SignalP: http://www.cbs.dtu.dk/
services/SignalP-2.0/).
Probe preparation for in situ hybridization
A cDNA for selected clones was PCR-amplified by using
primers that contain sequences of flanking regions of the
insert and T7 promoter, allowing for synthesis of a DIG-
labeled antisense RNA probe
Whole-mount in situ hybridization
Whole-mount in situ hybridizations were performed as
previously described (Tonegawa et al., 1997). Embryos
assessed by whole-mount in situ hybridization were embed-
ded in paraffin wax after dehydration with ethanol and
xylene. Serial sections of 10- to 18-m thickness were
prepared and mounted in Entellan (Merck).
Section in situ hybridization
Section in situ hybridizations were performed basically
according to the protocol previously described (Henrique et
al., 1995) with some modifications as shown below. Em-
bryos were fixed in 4% paraformaldehyde/1MEM (0.1 M
Mops, 1.8 mM EGTA, 1 mM MgSO4  7H2O, pH 7.4) in
PBS overnight at 4°C, washed twice in PBT (0.1% Tween
20 in PBS), and then dehydrated by passing them through
ethanol and xylene and embedded in paraffin wax. Serial
sections of 12- to 20-m thickness were prepared on an
APS-coated slide glass (Matsunami). After rehydration, the
specimens were treated with proteinase K (1 m/ml, Roche)
for 7 min at 37°C, washed twice in PBT, and refixed in 4%
paraformaldehyde in PBS for 20 min at room temperature.
After two washings in PBT, the sections were applied with
prehybridization buffer (50% formamide, 4  SSC (0.6 M
NaCl, 0.06 M tri-sodium citrate dehydrate), pH 4.5, 0.5%
SDS (sodium dodecyl sulfate), 100 mg/ml tRNA, 100
mg/ml heparin), and incubated for 5 min at room tempera-
ture. The hybridization was carried out overnight at 65°C in
hybridization buffer (ULTRAhyb, Ambion), containing
digoxygenin-labeled RNA probe (1 ng/ml). The sections
were rinsed and washed in a buffer containing 50% form-
amide, 5 SSC, pH 4.5, and 1% SDS at 65°C for 30 min,
and then washed twice for 30 min each time in 50% form-
amide, 2 SSC, pH 4.5 at 65°C, followed by washing in
TBST (0.14 M NaCl, 2.7 M KCl, 25 mM Tris, pH 7.5, 0.1%
Tween 20). They were then preblocked in a blocking solu-
tion, 20% fetal bovine serum/2% Blocking Reagent (Roche)
in TBST, followed by overnight incubation in a blocking
solution containing alkaline phosphatase-conjugated anti-
digoxigenin antibody (Enzo). After washing in TBST/2 mM
Levamisole three times for 5 min each, the sections were
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processed to NTMT (100 mM Tris–HCl, pH 9.5, 100 mM
NaCl, 50 mM MgCl2, 0.1% Tween 20). The alkaline phos-
phatase activity was visualized by incubating embryos in
NTMT containing 0.07 mg/ml nitroblue-tetrazolium chlo-
ride (Roche), and 0.035 mg/ml 5-bromo-4-chloro-3-indolyl
phosphatase (Roche). After the color reaction was stopped,
sections were washed in PBT, dehydrated with ethanol and
xylene, and mounted in Entellan (Merck).
Results
Strategy for the SST screening
An outline of the strategy for obtaining signal molecules
relevant to somitogenesis was as follows. A subtracted
cDNA library enriched for paraxial mesoderm/somite-spe-
cific cDNAs was subjected to the SST screening using IL2R
as a reporter. cDNA clones found to be positive by anti-
IL2R antibody were sequenced and compared with data-
bases for any sequence homology. They were also scored by
prediction programs for the presence of signal sequences.
The clones found to possess a signal sequence were further
assessed for its expression pattern by whole-mount in situ
hybridization (Fig. 1; and also see details in Materials and
methods).
Subtraction of the paraxial mesoderm/somite-derived
cDNA library
cDNAs prepared from a region containing PSM and five
recently formed somites (somite stage 0-V), and also from
the lateral plate at the same A-P level taken from 100
embryos of stage 14 were used as a tester and a driver,
respectively (Fig. 1). The tester tissue did not contain the
axial tissues (notochord and neural tube). We slightly mod-
ified the standard procedures for subtractive hybridization
described in the manufacturer’s instructions for the SMART
PCR cDNA Synthesis kit (Clontech PT3041-1) and the
PCR-Select cDNA Subtraction kit (Clontech PT1117-1).
Prior to the subtractive hybridization, we added a primer
containing EcoRI–poly G to the 5 end of the synthesized
cDNA to label this end (Fig. 2). Double-stranded cDNAs
were digested with Rsal to obtain short fragments since an
average length of 300 bp to 1 kbp is thought to be suitable
for a signal peptide to efficiently function when it is fused to
the reporter IL-2R (Tashiro et al., 1993). For the subtrac-
tion, the tester and driver cDNAs were hybridized followed
by elimination of hybrid sequences ( abundant in both
tissues). The remaining unhybridized cDNAs were regarded
as representing genes that were predominantly expressed in
the paraxial mesoderm/somites, but were absent or very
limited in number, if any, in the lateral plate. A success of
the subtraction was supported by Southern blot analysis of
the PCR products before and after the subtraction with a
probe known for the expression patterns. The abundance of
cDelta-1, which is specifically expressed in PSM (Henrique
et al., 1995), and chicken -actin (GenBank Accession No.
L08165) was enriched and decreased, respectively, after the
subtraction (Fig. 3).
The SST screening
To enrich the 5 end-containing cDNAs which encode a
signal peptide, HindIII-adapters were ligated to the ends of
the subtracted cDNAs, and subsequently, 5 cDNA frag-
ments already labeled with an EcoRI-adapter at the 5 end
were selectively amplified by PCR. The enriched fragments
were then subcloned into the SST vector, pTac, encoding
human IL-2 receptor  chain (Tac) from which its own
signal sequence and start codon had been deleted (Fig. 2).
The pTac vector is able to direct the cell surface expression
of a Tac fusion protein when a cDNA-derived insert has a
signal sequence and also when it is cloned in-frame in the
correct orientation. Three vectors with different reading
frames of the reporter were prepared. A screening was
carried out by transfecting a pool that contained 32 or 49
individual clones into COS cells, followed by cell surface
staining of the transfected COS cells with anti-hIL-2R
antibody (see Materials and methods). This procedure was
repeated until a single positive clone was isolated. A signal
sequence of human granulocyte colony-stimulating factor
(hGCSF) and a 5 fragment of human retinoic acid receptor
 (hRAR) were used as positive and negative controls,
respectively (Fig. 4). After the SST screening, we observed
a range of staining intensity: some showed a signal as strong
as the positive control (Fig. 4A), whereas others were weak
(Fig. 4B).
Classification of the cDNA clones identified by SST
screening
Out of 27,948 clones screened by SST, 202 clones pos-
itive for anti-hIL-2R antibody staining were subjected to
sequencing. Among them, 152 clones were identified as
independent and compared with public domain DNA data-
bases (NCBI, BLAST program). Expected (e) values lower
than 103 were taken to represent sequence similarity and
these values are listed in Table 1 and Table 2 for each clone.
Fig. 5 shows a classification of these clones. Twenty-eight
clones (18.4%) were identified as a potential ortholog of a
known gene with a signal sequence (listed in Table 1), 57
clones (37.5%) with a high score with a sequence listed in
ESTs database (listed in Table 2), 7 clones (4.6%) had no
significant matches with known genes (listed in Table 3).
The remaining 60 clones (39.5%) were homologous with
nonsecreted proteins that were previously identified. One
conceivable reason that may account for these nonsecretory
proteins obtained in our screening is that a short span of
amino acid sequence located at the 5 end of the first-strand
cDNA which was incompletely synthesized from mRNA
mimicked a signal sequence. These “fake” signal peptides
also derived from an untranslated region or by a reading
frame different from the one used in vivo. Excluding these,
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Fig. 1. The outline of the combined screening used to search for PSM/somite-specific signal molecules. A cDNA library of PSM/somite was subtracted with
a lateral plate cDNA library. 5 fragments of PSM/somite-enriched cDNAs were subsequently subcloned into the pTac vector. IL-2R-positive clones
obtained by SST were sequenced and evaluated for signal peptide probability. Details are described in the text and Materials and methods. SS, signal
sequence; TM, transmembrane domain.
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Fig. 2. A diagram demonstrating the procedure of construction of the SST library. cDNAs from PSM/somite or lateral plate were directionally synthesized
with an EcoRI–polyG adapter. After RsaI digestion, PCR-based cDNA subtraction was performed to enrich PSM/somite-specific cDNAs. It was followed
by PCR-enrichment of the 5-most fragments among the subtracted cDNAs, which were subcloned into the pTac vector that contained signal sequence-
deprived IL-2 receptor.
37A. Tonegawa et al. / Developmental Biology 262 (2003) 32–50
the clones with no previously identified or predictable func-
tions were further subjected to prediction programs for the
presence of a signal sequence (Signal P: http://www.
cbs.dtu. dk/services/SignalP-2.0/). The scores of signal pep-
tide probability and signal anchor probability calculated by
this program are listed in Table 2 and Table 3. A high score
for the signal anchor probability reflects a sequence that
resembles a signal peptide (hydrophobicity) but is unlikely
to undergo peptide cleavage, as seen for the amino terminus
of the type II membrane protein and also for a transmem-
brane region present in major cell surface proteins. The
latter case might have been brought about by a cDNA which
was partially synthesized by a reverse transcriptase from an
original mRNA at the initial step of the screening. The
scores range from 0 to 1, with 1 being most reliable.
As shown in detail below, we obtained a substantial
number of signal sequence-possessing molecules that are
expressed in the paraxial mesoderm and somites with a
specific pattern. On the other hand, we also know that we
failed to find the molecules which are known to be signal
molecules and expressed in these tissues. We reasoned that
the screening design employed in this study, including Rsal,
EcoRI, and HindIII digestions prior to the subtractive hy-
bridization or subcloning into the Tac vector, eliminated
some signal molecules that possess these restriction sites
internally. The possible elimination can be caused by either
of the following three cases: either of Rsal, EcoRI and
HindIII sites is located in the 5 untranslated region (UTR),
an EcoRI site is located in the ORF of a subtracted frag-
ment, and either site is in the middle of the signal sequence
of a given molecule. We found by database searching that
four signal molecules known to be predominantly expressed
in the PSM/somite fall on these cases. cDNAs of Lunatic-
fringe (abundantly expressed in the PSM; Laufer et al.,
1997), FGF10 (localized in somites; Ohuchi et al., 1997),
and EphB5 (previously called Cek9, positive in somites;
Soans et al., 1996) have a Rsal site in the 5 UTR at 68, 5,
and 86 bp before the start codon, respectively (Fig. 6).
Cadherin 11 (known to be positive in somites in mice;
Kimura et al., 1995) has a HindIII site in the 5 UTR (265
before the start codon). We also attempted to obtain the 5
UTR of the Delta 1 cDNA abundantly expressed in PSM, by
the 5 RACE method. We did not find any site for these
restriction enzymes in the 326-bp fragment obtained (not
shown). Since the chicken Delta 1 cDNA has a Rsal site at
537 bp after the start codon, a cDNA fragment of at least
863 bp long was thought to be subcloned in the Tac vector
in our screening. It is conceivable that a cDNA fragment
with a size relatively long is prone to be lost in this kind of
strategy since DNA fragments of around 500 bp long seem
to give a high yield according to the previous report
(Tashiro et al., 1993). Frizzled 7 might have been lost for
the same reason as Delta 1 since a Rsal-fragment containing
the signal sequence is 1041 bp in length (according to the
database; not shown). The Notch 1 cDNA, the entire length
of which is about 10 kb with no information of 5 sequences
available in chickens, is also abundantly expressed in PSM.
Similar reasons as above are possible for accounting for the
loss of this gene in our screening.
Identification of clones displaying expression patterns in
the paraxial mesoderm and somitic regions
Sixty-three out of 92 cDNA clones with a high score by
the Signal P prediction program with an insert length over
100 bp were selected and assessed for their expression
patterns in early chicken embryos by techniques of whole-
mount in situ hybridization or direct hybridization on his-
tological sections. Sixteen clones (25.4%) displayed signals
in the paraxial mesoderm/ somites but not in the lateral
plate. We also found 7 clones (11.1 %) to be uniformly
expressed in an embryo and 40 clones (63.5 %) to have no
significant signal (Tables 1, 2, and 3). The lack of signal for
the latter might be due to the length of probe not being long
enough to detect a low level of expression. It is notable that
we found no clone that was expressed specifically in the
lateral plate region, supporting a success of the subtractive
hybridization.
Expression patterns for 15 clones were examined more
carefully in embryos from stage 14 through stage 20 (Figs.
7 and 8). In stage 14 embryos, some clones were expressed
in the entire PSM (clone 49-2D2, Fig. 7D; clone 76-5D3,
Fig. 7H; clone 125-4D6, cartilage link protein, Fig. 7J), and
Fig. 3. Enrichment of PSM/somite-specific cDNAs after the subtractive
hybridization assessed by Southern blot. The equal amount of cDNA
products derived from PSM/somite before and after the subtraction was
electrophoresed on a 1.5% agarose gel (2.5 g per lane). Whereas the
representation of ubiquitously expressed -actin diminished (A), the signal
for cDelta-1, known to be predominantly expressed in PSM, was signifi-
cantly enriched (B) after the subtraction.
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others showed more intensive signals in the anterior part of
the PSM than in the posterior (clone 17-6G2, NLRR1 ho-
molog, Fig. 7A; clone 41-1B2, Fig. 7C; clone 103-B2, Fig.
7L). There were also clones expressed largely in the formed
somites (clone 34-1D1, glypican 4 homolog, Fig. 7B; clone
41-1G3, GDNFR1, Fig. 7E; clone 88-3B2, Fig. 7G; clone
94-3A8, connexin 46.6 homolog, Fig. 7l). It is intriguing
that clone 76-6C4 (CXCR4) and clone 127-11C1 (Wnt11)
showed a specific signal at the anterior end of PSM (Fig. 7F
and K).
In stage 20 embryos, where the dermomyotome and
sclerotome have differentiated from the somite, signals for
clone 19-3A5 (HSP108), clone 41-1G3, GDNFR1, and
clone 76-5D3 were localized in the dorsal and ventral tips of
the dermomyotome (Fig. 8B, E, and G). Clones 125-4D6
(cartilage link protein) and 127-11C1 (Wnt11) were ex-
pressed only in the dorsal tip of the dermomyotome (Fig. 8J
and K). The myotome also expressed mRNAs of some
clones: 17-6G2 (NLRR1 homolog) and 134-16A1 (Fig. 8A
and L). Signals in the sclerotome were detected for clones
19-3A5 (HSP108), 34-1D1 (glypican 4 homolog), 41-1B2,
74-1C1, 88-3B2 and 125-4D6 (cartilage link protein) (Fig.
Table 1
cDNA clones homologous to known genes
Clone ID GenBank
Accession
No.
Similarity; e value Protein type Expression patterns Figures
3-4A3 BU369131 h syalyltransferase; 2e-34 type II membrane protein
17-6G2 BU294737 m leucine rich repeat protein1, neuronal; 2e-66 membrane protein S, D, M, NT Figs. 7A, 8A
19-3A5 M14772 c Hsp108 soluble and integral
membrane protein
D, SL Fig. 8B
34-1D1 BU410062 h glypican4; 5e-10 GPI-anchored heparan
sulfate proteoglycan
PSM, S, D, SC, NT,
kidney, DA
Figs. 7B, 8C
41-1G3 U90541 c GDNFR1 membrane protein S, DML, DRG, kidney, NT Figs. 7E, 8E
52-2B5 J03922 c riboflavin-binding protein secreted protein —
62-1B4 AJ444804 h TRPC1; 2e-24 cation channel —
65-1F4 AF017985 c putative transmembrane protein E3-16 putative transmembrane
protein
—
68-1B3 M59925 c CD3 glycoprotein membrane protein —
69-1A3 BU411606 h small membrane protein1 (SMP1); 7e-17 membrane protein —
72-1A1 AJ306928 c butyrylcholinesterase enzyme
74-1C1 *AB106545 h fibulin2; 6e-11 extracellular matrix NC, SL, kidney Fig. 8F
74-3D7 BU404242 m calcium-binding protein Cab45b; 3e-33,
mSDF4; 6e-31
Golgi, Ca binding protein —
75-3B3 BU360379 h transmembrane protein H4; 7e-41 membrane protein —
76-5D3 BU492118 h integral membrane protein2A; 4e-09 membrane protein PSM, DML, kidney Figs. 7H, 8G
76-6C4 AF294794 c CXCR4 G protein-coupled receptor PSM, NT, kidney, ISV Figs. 7F, 8H
81-4B3 BU292770 h XAG-2 homolog; 6e-20 secreted protein —
82-1A5 AF157321 cTGF2 secreted protein —
84-4C1 BU256791 m similar to 30kDa protein (0610039A15Rik);
e-113
putative transmembrane
protein
—
87-1D7 BU257360 Equus caballus follistatin; 2e-17 secreted protein —
88-3B2 BU215052 r visceral adipose tissue-specific transmembrane
protein OL-16; 1e-26
membrane protein S, LP, D, SL Figs. 7G, 8I
90-6C7 BU387220 h source of immunodominant MHC-associated
peptides (SIMP); 1e-65
putative transmembrane
protein
—
94-3A8 CB017969 h connexin46.6; 1e-41 channel protein S, extra embryonic
mesoderm
Fig. 7I
98-3A1 BU478651 m Nedd4 WW domain-binding protein 5; 6e-70 membrane protein ubiquitous
101-3B1 BU474901 h HSPC163; 5e-47 putative transmembrane
protein
—
103-B2 BU481586 h xenotropic and polytropic retrovirus receptor;
1e-29
G protein-coupled receptor PSM Fig. 7L
125-4D6 M13212 c cartilage link protein secreted protein PSM, DML, SL Figs. 7J, 8J
127-11C1 D31901 c Wnt11 secreted protein PSM, DM, SC, kidney Figs. 7K, 8K
Note. Similarities refer to the best hit following database searching using the BLAST algorithm.
The e value denotes the degree of similarity with a value of 0 indicating a direct match.
Abbreviations: c, chicken; D, dermatome; DML, dermomyotomal lips; DRG, dorsal root ganglion; h, human; ISV, intersomitic vessels; LP, lateral plate
mesoderm; M, myotome; m, mouse; NT, neural tube; PSM, presomitic mesoderm; r, rat; S, somite; SC, sclerotome
—, expression below the level of detection
* , novel registration
Detail information about expression patterns are described in the legends of Figs. 7 and 8.
39A. Tonegawa et al. / Developmental Biology 262 (2003) 32–50
Fig. 4. Immunostaining of human IL-2 receptor  chain (Tac), which was directed to the cell surface of a COS cell by virtue of an inserted cDNA. A range
of intensity of signals was observed: a strong signal for clone 6-1D4 (A), and a weak signal for clone 16-4G6 (B). (C) Positive control (hGCSF-pTac). (D)
Negative control (hRAR-pTac).
Fig. 5. Classification of the cDNA clones which were positive for the cell surface expression of IL-2R. Ninety-two clones are candidate molecules that have
a putative signal sequence or a transmembrane domain. See details in text.
8B, C, D, F, I, and J). The expression of clone 76-6C4
(CXCR4) was restricted to the intersegmental vessels (Fig.
8H).
Discussion
We have demonstrated in this study a screening strategy
in which subtraction, SST, and in situ hybridization were
combined to systematically search for secreted or cell sur-
face molecules expressed in the paraxial mesoderm and
somites. To obtain molecules which might be involved in
developmental processes in other tissues and model ani-
mals, several attempts have been made using different
screening strategies: subtractive hybridization focusing on
the hindbrain (Christiansen et al., 2001), SST using the
yeast system (see below) to obtain signal molecules in
zebrafish and Xenopus (Klein et al., 1996; Matsui et al.,
2000; Crosier et al., 2001), and also an expression screening
by in situ hybridization in the mouse (Neidhardt et al.,
2000). However, an approach that combines the three
screening strategies as demonstrated in this study has not
previously been attempted. We have shown that the screen-
ing method we applied successfully yielded cDNA clones
which are implied to play roles as signal molecules during
somitogenesis. Among 92 cDNAs obtained, we found (1)
Fig. 6. A 5-untranslated region of cDNA sequences of Lunatic fringe (GenBank Accession No. U91849), FGF10 (GenBank Accession No. D86333), EphB5
(GenBank Accession No. U23783) and Cadherin11 (GenBank Accession No. AF055342) contains either a RsaI or HindIII site in front of the start codon.
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Table 2
cDNA clones homologous to EST clones
Clone ID GenBank Accession No. SignalP prediction (SPP/SAP) Expression patterns
Chicken ESTs or
novel registration
Other ESTs; e value
1-5A7 BU474700 Non-secretory (0.165/0) —
4-1B6 BU361537 Signal Peptide (0.962/0.01) —
4-2C4 BU393799 Signal Peptide (0.865/0) —
4-2F4 BU419893 Signal Peptide (0.469/0.387) —
6-1D4 BU482088 Signal Peptide (0.979/0) —
9-1E6 BU290503 Non-secretory (0/0) —
9-2F2 BU438327 Non-secretory (0/0) —
12-6E2 BU310401 Signal Peptide (0.903/0) —
13-4E7 BU271072 Signal Peptide (0.956/0.035) —
14-1F5 BU481123 Signal Peptide (0.845/0.025) —
15-4B7 BU473310 Signal Anchor (0.117/0.876) —
16-4G6 BU340214 Non-secretory (0.385/0)
18-2E7 BU450366 Signal Peptide (0.976/0.001)
18-4G6 BU281722 Signal Anchor (0.366/0.409)
19-1E6 BU442880 Signal Peptide (0.963/0.002) S, LP
20-3F6 BU399960 Signal Peptide (0.993/0)
20-6B6 BU488902 Signal Peptide (0.956/0.029)
21-2E5 BU144800 Non-secretory (0/0)
23-1D5 BU449380 Non-secretory (0/0)
30-1A3 BU356163 Signal Peptide (0.911/0)
37-3G2 CB018350 Signal Anchor (0/0.3571) —
40-1A3 BU469051 Non-secretory (0/0)
40-2G3 BU262167 Non-secretory (0/0)
41-1B2 BU377744 Signal Anchor (0224/0.61) PSM, S, SC, NC (Figs. 7C, 8D)
41-2F3 BU482646 Signal Peptide (0.856/0) —
41-2F6 BU318784 Non-secretory (0/0)
47-1A5 BU460523 Signal Peptide (0.592/0.401)
49-2D2 BU137604 Signal Peptide (0.987/0) PSM (Fig. 7D)
50-2G2 BU365430 Non-secretory (0.167/0) —
60-1F2 BU293526 Signal Peptide (0.999/0) —
61-1A5 BG641780 Signal Anchor (0.014/0.888) —
61-2G2 BU442461 Signal Peptide (0.908/0) —
72-1A4 BU479826 Signal Peptide (0.837/0.009) —
74-1G5 BU445038 Signal Peptide (0.931/0.003) ubiquitous
77-2D6 BU400535 Non-secretory (0/0) —
78-1B8 BU672727 Signal Peptide (0.874/0) —
78-2C4 BU127830 Signal Peptide (0.907/0.017) —
78-5A6 BU483269 Non-secretory (0.072/0) —
90-4C8 BU240519 Signal Peptide (0.891/0.075)
93-1D3 BU365632 Signal Anchor (0/0.908)
94-1D4 *AB106547 AL789025; 1e-22 Signal Peptide (0.62/0.265) ubiquitous
95-5A7 BU393600 Signal Anchor (0/0.989)
108-8A3 BU139516 Signal Peptide (0.886/0) ubiquitous
108-8D8 BU479826 Non-secretory (0.115/0.014)
111-3G5 BU274317 Signal Peptide (0.582/0.004) ubiquitous
111-7F1 BU466854 Signal Peptide (0.733/0.266) ubiquitous
113-8A5 BU316850 Signal Peptide (0.912/0) —
114-2C8 AJ455480 Signal Anchor (0.003/0.861)
114-11D6 AJ453095 Signal Peptide (0.581/0.419)
115-3D3 BU489521 Signal Anchor (0.078/0.759)
115-4C1 BU439979 Signal Peptide (0.616/0.141)
118-2C6 BU446960 Signal Anchor (0.013/0.942) —
121-6A2 BU365356 Signal Peptide (0.92/0.059) —
123-2C1 BU215637 Signal Peptide (0.952/0)
130-11F3 BU127605 Signal Peptide (0.927/0.055) ubiquitous
133-6F1 BG712505 Signal Peptide (0.846/0.129)
134-16A1 BU415860 Signal Anchor (0/0.989) M, NT (Fig. 8L)
Note. SignalP prediction score ranges from 0 to 1. Score 1 is the most reliable.
Abbreviations: SAP, signal anchor probability; SPP, signal peptide probability; see Table 1 for others.
—, expression below the level of detection
* , novel registration
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clones which were previously identified in chickens and
whose functions are known, (2) clones identified in chickens
with an unknown function, (3) clones similar to cDNAs
identified in other model animals with predictable functions,
(4) clones similar to cDNAs identified in other animals with
an unknown function, (5) clones which showed no similar-
ity to known sequences. Sixteen out of 63 signal sequence-
containing cDNAs displayed peculiar patterns of expression
in the PSM/somites (details for each clone are discussed
below). Those which yielded no signal in any tissue are
thought to be expressed at a level below the detection limit,
and therefore need to be reexamined with a longer probe.
Nevertheless, we obtained no clones that showed expression
patterns specific to the lateral plate, which we used as a
driver for the subtractive hybridization. This suggests that
the strategy we employed in this study is useful for enrich-
ment of the molecules expressed specifically in PSM/
somites. If one is also interested in nonextracellular mole-
cules that might have some roles in somitogenesis, it is
useful to analyze the clones that were found to be negative
by the SST, particularly because cDNA fragments used for
the SST in the present study are expected to have the
5-most coding region, facilitating comparison with cDNA
databases for prediction of functions. Thus, molecules re-
ported here, each of which has a database accession number
available, will contribute to studies of somitogenesis, in
particular, of chicken embryos on which a body of infor-
mation has accumulated.
Tashiro et al. (1993) reported development of the SST
method by exploiting the ability of the signal peptide to lead
proteins outside of the plasma membrane through the endo-
plasmic reticulum. This first success was followed by a
variety of modified methods consisting largely of similar
principles, that is, trapping the NH2-terminal signal se-
quence. In place of the IL-2 receptor  chain (Tac), an
attempt was made to use other transmembrane proteins as a
reporter: CD4 in the Epstein-Barr virus trapping vector
(Imai et al., 1996), the transmembrane human placental
alkaline phosphatase (Chen and Leder, 1999), HIV-1p24
(Lim and Garzino-Demo, 2000), and CD19 (Rian et al.,
2001). Quality of the SST screening appears to depend, at
least, on the affinity of the antibody to the reporter protein
presented on the cell surface. As an alternative method, a
less laborious technique has been developed with yeast
genetics. cDNA fragments are cloned into a region upstream
of a signal peptide-less invertase sequence in a yeast ex-
pression vector. Invertase is required by yeast to grow on
sucrose. Thus, the invertase-less yeast strain can survive on
sucrose-containing medium only if the cells are transfected
with the vector possessing an insert of a cDNA-derived
signal sequence (Klein et al., 1996; Jacobs et al., 1997).
Although the yeast SST strategy appears to be efficient for
its positive selection system, there seem to be some poten-
tial problems that certain mammalian signal peptides may
not be correctly recognized in the yeast (Galliciotti et al.,
2001). Recently, a positive selection system for SST has
also been designed for a mammalian cell line using mouse
pro-B cells Ba/F3, which can grow only if expressing the
constitutively active IL-3 receptor on the cell surface
(Kojima and Kitamura, 1999).
Among different strategies, we chose in this study the
method by Tashiro et al. because we wanted to take advan-
tage of the COS cells being used as a vehicle of protein
administration into chicken embryos (Takahashi et al.,
1996). A COS cell aggregate producing a secretory protein
such as BMP4 and Noggin can easily be implanted into the
somitic mesoderm (Tonegawa et al., 1997; Tonegawa and
Takahashi, 1998). The implant stays as a coalescing cell
mass in a host tissue so that it exerts protein activity re-
stricted to the implanted site.
None of the SST methods attempted to date appears to
accomplish saturated screening for the signal peptides. Al-
though it is not evident which method of SST would provide
the highest efficiency in regard to the time required for the
screening and comprehensiveness of the cDNAs, it appears
that the above-mentioned positive selection system gives
the highest yield since almost all the viable cell clones had
a signal sequence (or putative signal sequence) (Kojima and
Kitamura, 1999). In our screening system, which combined
a subtraction and SST, 49.3% of the Tac-positive COS cell
clones contained a signal sequence. Similar efficiency
(45.4%) was also reported by a different group who also
combined subtraction and SST using COS cells (Chen and
Leder, 1999). Considering the fact that some signal mole-
Fig. 7. Expression patterns of cDNA clones obtained by the present screening. Stage 14 embryos hybridized in whole mount (left photo with anterior at top)
were further subjected to paraffin histological sectioning either sagittally (right top photo with anterior at left) or transversally (right bottom photo with dorsal
at top). The transverse view corresponds to the dotted line in the left picture. A red asterisk shows the level of somite stage 0 (Christ and Ordahl, 1995). (A)
Clone 17-6G2 (NLRR1 homologue) is expressed in the anterior half of the PSM and also in the dorsal region of the neural tube. (B) Clone 34-1D (glypican4
homologue); signal is localized in the anterior-most PSM, in formed somites with the signal being predominantly intense in last few somites and also in the
Wolffian ducts. (C) Clone 41-1B2; the anterior region of the PSM and the segmented somites are positive. (D) Clone 49-2D2; mRNA is distributed in the
entire PSM with a low intensity. (E) Clone 41-1G3 (GDNFR1); transcripts are present in the dorsal portion of the dermomyotome, Wolffian ducts and also
in the intermediate mesoderm. (F) Clone 76-6C4 (CXCR4) shows staining in the PSM with a striped pattern in the anterior, and also with a widely distributed
pattern in the posterior. The dermomyotome and dorsal neural tube are also positive. (G) Clone 88-3B2 (similar to rat visceral adipose tissue-specific
transmembrane protein OL-16); segmented somites and the lateral plates are stained. (H) Clone76-5D3; the entire PSM/somite displays a faint signal. (I)
Clone 94-3A8 (connexin 46.6 homologue), showing signals in the segmented somites and in the extraembryonic region. (J) Clone 125-4D6 (cartilage link
protein). The signal demarcates the entire PSM. (K) Clone 127-11C1 (Wnt11); the anterior region of the PSM expresses the gene. The Wolffian ducts are
also positive. (L) Clone 103-B2; a faint staining in the anterior PSM is observed. A, anterior; DM, dermomyotome; IMM, intermediate mesoderm; LP, lateral
plate; NT, neural tube; NC, notochord; P, posterior; S, somite; WD, Wolffian duct (mesonephric duct).
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cules were lost in our system, probably because of the
treatments with restriction enzymes during the subtraction
and SST steps as shown earlier, it might be worth perform-
ing this kind of screening without a subtraction. But in this
case, one needs a high throughput screening system that can
detect in situ hybridization signals in early chicken embryos
which are relatively fragile.
A selection of signal sequence-possessing proteins has
also been carried out by other kinds of methods. They
include a direct enrichment of mRNAs that are bound to the
rough endoplasmic reticulum (Kopczynski et al., 1998),
direct labeling of cell surface proteins by 35S-methionine
and cystein after cDNA transfection, followed by searching
for proteins secreted into the culture medium (Pera and De
Robertis, 2000). The trapping has also been performed at
the genomic DNA level in mice. However, since the com-
plete information on the mouse genome is now available, it
seems more efficient to search for signal molecules in da-
tabases rather than using laborious screening methods.
We discuss below each of the cDNA clones obtained and
found to yield an expression pattern specific to the PSM/
somite.
Clone 17-6G2 (chicken homolog of mouse NLRR-1)
The clone 17-6G2, expressed in the anterior half of the
PSM (Fig. 7A), is closely related to the gene encoding
mouse leucine-rich repeat protein 1, neuronal (mNLRR-1).
Mouse NLRR-1 is a transmembrane protein that contains
leucine-rich repeats (LRR) (Taguchi et al., 1996). LRR-
containing proteins such as Slit (Rothberg et al., 1990) and
Connectin (Nose et al., 1992) in Drosophila have been
shown to function as a cell-adhesion molecule in a variety
of events during neural development. It has recently been
shown that Capricious and Tartan, which also contain LRR,
are involved in restriction of cell movement at the dorso-
ventral boundary of the developing wing in Drosophila
(Milan et al., 2001). NLRR-1 mRNA is known to be ex-
pressed primarily in the central nervous system in mice, and
in the developing eyes and the ventricular zone in the region
encompassing the diencephalon and the hindbrain in Xeno-
pus (Hayata et al., 1998). In addition to its presumed role in
the nervous system, our observation suggests a possible role
played by this molecule in the somitogenesis. It is known
that, in the anterior portion, PSM cells become mature and
respond to signals that control a segmental pattern of gene
expression and also a morphological boundary formation
(Saga and Takeda, 2001; Sato et al., 2002). In stage 20
embryos, cNLRR1 is expressed in the dermatome and myo-
tome and also in the neural tube (Fig. 8A). Classification of
the roles of cNLRR1 in the formation of these tissues awaits
further analyses.
Clone 34-1D1 (chicken homolog of human glypican 4)
Glypicans are proteins with very characteristic structures
that are substituted with heparan sulfate and are linked to
the cell surface via glycosylphosphatidyl inositol. Mutations
in Drosophila, humans, and mice reveal a role for these cell
surface molecules in the control of cell growth and differ-
entiation. Glypicans are proposed to activate or determine
the activity ranges of morphogens and growth factors, such
as FGFs, BMPs, Wnts, Hedgehog, and Noggin. Six glypi-
cans have so far been identified in vertebrates. In this study,
we found the clone 34-1D1, a putative chicken homolog of
glypican 4 (K-glypican), to be expressed in the anterior-
most portion of the PSM, newly formed somites, and also in
the mesonephric ducts (Fig. 7B). In zebrafish, knypek en-
Table 3
cDNA clones with no similarity to known genes
Clone
ID
GenBank
Accession No.
SignalP prediction
(SPP/SAP)
Expression
patterns
58-1F7 *AB106543 Signal Peptide (0.97/0.022) —
61-1E1 *AB106544 Non-secretory (0.477/0.023)
82-4C2 *AB106546 Signal Peptide (0.998/0) —
121-5B1 *AB106548 Non-secretory (0.029/0) —
130-12E6 *AB106549 Signal Peptide (0.994/0) —
132-8B7 *AB106550 Non-secretory (0/0)
138-2A3 *AB106551 Non-secretory (0.162/0.033)
Note. * , novel registration
Abbreviations: see Table 1 and Table 2.
Fig. 8. Expression patterns in stage 20 embryos of cDNA clones obtained by the screening. The left (anterior at left) and right photos are of in situ
hybridizations carried out with whole-mounted embryos and a paraffin-sectioned specimen, respectively. A dotted line largely represents the view shown in
the right photo. Whole–mounted specimens are viewed dorsally except for (B, C, F) (lateral view). (A) Clone 17-6G2 (NLRR1, homologue); signals are
localized in the dermatome and myotome, and also in the neural tube (arrows). (B) Clone 19-3A5 (HSP108) showing staining in the sclerotome and inner
layers of the dermatome. Signals in the notochord, neural tube and mesonephric tissues are also detected. (C) Clone 34-1D1 (glypican homologue); signals
were observed in the dermatome, sclerotome, dorsal aorta, and mesonephric tissues. (D) Clone 41-1B2 is expressed in the sclerotome. (E) Clone 41-1G3
(GDNFR1) is positive in the epaxial and hypaxial dermomyotomal lips (open arrowheads), dorsal root ganglia, and mesonephric tubules (white asterisk).
(F) Clone 74-1C1 shows signals in the sclerotome, notochord, and mesonephric ducts. (G) Clone 76-5D3; the epaxial and hypaxial dermomyotomal lips
displayed a signal. Signals with low intensity of in the notochord and mesonephric tissues are also observed. (H) Clone 76-6C4 (CXCR-4); the signal is
localized in the intersomitic vessels evident in the sagittal view (arrowheads), and also in the dorsal neural tube. (I) Clone 88-3B2 is expressed in the
dermatome and ventral sclerotome. (J) Clone 125-4D6 (cartilage link protein) shows signals in the epaxial dermomyotomal lips and dorsal sclerotome.
Signals are also detected in the somatopleure, splanchnopleure, and genital ridges. (K) Clone 127-11C1 (Wnt11); localized staining is observed in the epaxial
dermomyotomal lips and also in the dorsal mesenchyme underneath the surface ectoderm. (L) Clone 134-16A1; Staining is basically ubiquitous with the
signal being more intense in the myotome midway of each somite along the A-P axis. A, anterior; D, dermatome; DA, dorsal aorta; DRG, dorsal root ganglion;
f, fore limb; h, hind limb; M, myotome; NC, notochord; NT, neural tube; P, posterior; SC, sclerotome.
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codes a member of the glypican family of heparan sulfate
proteoglycans. It has been shown that there is a defect of
somitogenesis in a Knypek mutant (Henry et al., 2000), and
also that the Knypek protein potentiates Wnt11 signaling,
mediating convergent extension (Topczewski et al., 2001).
It is also known that Dally, Drosophila glypican, comprises
a Wingless (Wg)/Wnt receptor complex and also that the
function of this protein is essential for Wg signaling (Lin
and Perrimon, 1999; Tsuda et al., 1999). We indeed ob-
served that Wnt11, which was also obtained in our screen-
ing, is expressed in a manner closely related to the glypi-
can4 homolog in early chicken embryos (Fig. 7K).
Predominant expression of glypican4 in epithelial compo-
nents implies the activity ranges of extracellular factors
including Wnts regulated by glypicans during mesenchym-
al–epithelial transition manifested during somitogenesis.
Clone 125-4D6 (cartilage link protein)
The expression pattern of chicken cartilage link protein
demarcates the PSM from the formed somites and the lateral
plate mesoderm. The expression commences immediately
after the paraxial mesodermal cells ingress from the prim-
itive streak, and continues until the anterior-most portion of
the PSM exits to form a somite. The link protein is a
macromolecule known to be relatively abundant in the ex-
tracellular matrix of cartilage, where it acts as a stabilizing
component in aggregates of the large chondroitin sulfate
proteoglycan and hyaluronic acid. Aggregates of chon-
droitin-keratan sulfate proteoglycan (aggrecan) and hyal-
uronic acid (hyaluronan) are the major space-filling compo-
nents of the cartilage. Homozygous mouse mutants for
cartilage link protein showed defects in cartilage develop-
ment and delayed bone formation with short limbs and
craniofacial anomalies (Watanabe and Yamada, 1999). In
those mutants, chondrocytes of the vertebral bodies were
also disorganized. Early onset of the expression of cartilage
link protein observed in this study raises a possibility that
the defects seen in mutants can be traced back to stages as
early as PSM/somite formation.
Clone 76-6C4 (CXCR-4)
CXCR-4 is a guanine nucleotide-coupled chemokine re-
ceptor with seven transmembrane domains, binding specif-
ically to its ligand, stromal cell-derived factor (SDF-1).
Chemokines play well established roles as an attractant for
leukocyte cells. SDF-1 has been proposed to regulate hom-
ing of hematopoietic stem cells to the bone marrow, and
also differentiation of early B-cell and megakaryocyte lin-
eages in the adult human. Mice lacking CXCR-4 or SDF-1
exhibit a malformation of the large vessels that supply the
gastrointestinal tract, and these animals are embryonically
lethal due to a failure of hematopoiesis and cardiogenesis
(Nagasawa et al., 1996; Tachibana et al., 1998). We found
that the signal of CXCR-4 (clone 76-6C4) is localized in the
intersomitic vessels in a stage 20 embryos. It is yet to be
determined whether the formation of the intersomitic ves-
sels is affected in knockout mice for CXCR-4 or SDF-1.
Clone 41-1G3 (GDNFR1)
Glial cell derived neurotrophic factor (GDNF) is known
to be a crucial factor for the development of the nervous
system and kidney (Airaksinen and Saarma, 2002). GDNF
receptor 1 (also called GFR1) is linked to the plasma
membrane by a GPI-anchor. When GDNF signals through
the RET receptor tyrosine kinase, GDNF first binds to the
lipid-anchored GDNFR1, which in turn recruits RET.
These interactions eventually trigger the association with
Src, which is required for effective downstream signaling.
Although the roles played by GDNFR1 (and also RET and
GDNF) were reported in peripheral nervous systems includ-
ing parasympathetic and enteric neurons, its role in somi-
togenesis has been unknown. We found in this study that
GDNFR1 is predominantly expressed in the dermomyo-
tome in young somites, and later in the dermomyotomal lips
with the latter as previously reported (Homma et al., 2000).
Clone 94-3A8 (chicken homolog of human connexin 46.6)
Gap junction channels span the membranes of two adja-
cent cells and allow the gated transit of molecules as large
as second messengers from cell to cell. In vertebrates, gap
junctions are composed of proteins of the connexin gene
family. Intercellular communications mediated by distinct
connexins are thought to have diverse effects on growth and
differentiation. With the completion of the human genome
sequences, at least 20 members of the connexin family of
gap junction proteins have been identified (reviewed in
Bruzzone, 2001). Expression patterns of some members of
the connexin family are restricted to one or a very few
tissues whereas those of others are widely distributed. Al-
though some functions of gap junctions/connexin are well
accepted, such as synchronizing the activity of electrically
excitable tissues including the cardiac muscle, myometrium,
and some neurons, their roles in other tissues are largely
unknown. Whereas targeted disruption of an individual con-
nexin gene has been informative, analyses of the mutant
mice are often elusive because of the continued expression
of other connexin genes. Connexin 45-deficient mice die of
heart failure because of impairment of the epithelial–mes-
enchymal transformation of the cardiac endothelium (Ku-
mai et al., 2000). It is assumed that intercellular communi-
cations mediated by gap junctions, particularly of Connexin
45, may be required for coordinated activation of Ca2-
dependent transcription factors through synchronized rises
of intracellular Ca2 in early cardiogenesis. It has been
reported that a Ca2-dependent transcription factor
NFATc1 is required for early cardiogenesis (de la Pompa et
al., 1998; Ranger et al., 1998). It is notable that NFATc1,
which is also expressed in the formed somite, plays a role in
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preventing intersomitic vessels from invading this tissue
(Graef et al., 2001). It will be of interest to relate the
expression pattern of connexin 46.6, found to be predomi-
nantly localized in the epithelial component of the formed
somites in this study, to the phenomenon of vessel forma-
tion mediated by Ca2-dependent transcription factors. The
gap junction is also expected to coordinate cellular pro-
cesses by producing intercellular calcium waves (Gilland et
al., 1999; Webb and Miller, 2000). Connexin 43 colocalizes
with -catenin in the junctional membrane in cardiomyo-
cytes in response to Wnt 1 signaling (Ai et al., 2000).
Therefore, connexins might be involved in coordination
between Ca2-dependent signals and Wnt signals, with the
latter known to be important for somite-derived morpho-
genesis (Stern et al., 1995; Borycki et al., 1998; Borycki and
Emerson, 2000). Lastly, the expression pattern of connexin
46.6 resembles that of the clone 88-3B2, which shows
similarity to rat visceral adipose tissue-specific transmem-
brane protein OL-16 (Fig. 7G).
Clone 19-3A5 (HSP 108)
Heat shock proteins (HSPs) consist of a series of stress
proteins involved in several different stressful conditions:
heat, ischemia, inflammation, and oxidative stress. HSPs are
expressed not only in stress conditions, but also under nor-
mal conditions (Hendrick and Hartl, 1993). HSP108 is post-
translationally modified and functions as estrogen-inducible
homodimeric glycoprotein, called transferrin binding pro-
tein. It has previously been reported that chicken HSP108 is
expressed in the central nervous system in adult and retinal
oligodendrocytes (Cho et al., 1999; Shin et al., 2000). Our
observation is the first report that a member of the heat
shock proteins is expressed specifically in the developing
dermatome and sclerotome of a stage 20 embryo.
Perspective
The completion of genome sequences in human and
mouse has begun to provide information useful for search-
ing for extracellularly signaling molecules. In chickens,
although genomic and EST projects have recently made a
substantial amount of progress (Boardman et al., 2002),
exploitation of the information is far behind compared to
that for mammalian models. In addition, it is reasonable to
focus on signal molecules that are specifically expressed in
the developing chicken somites because a great amount of
information on differentiation and pattern formation during
somitogenesis has accumulated in this model animal. In this
report, we have described a practical approach to obtain
cDNAs that encode a protein with putative functions at the
intercellular level. We have identified novel cDNAs and
also cDNAs with previously unknown expression patterns
in the somites. Exploration of the roles of these molecules in
somitogenesis can be pursued by their ectopic administra-
tion by using an implantation of cDNA-expressing cells
(Takahashi et al., 1996; Tonegawa et al., 1997; Tonegawa
and Takahashi, 1998). In addition, the in ovo microelectro-
poration technique to introduce exogenous DNA into the
developing somite has recently been developed in chickens,
consolidating the analyses (Funahashi et al., 1999; Momose
et al., 1999; Yasuda et al., 2000; Sato et al., 2002). Inves-
tigations are currently underway in which we study effects
on somitogenesis by overexpressing a full length of cDNA
for each clone found in this study. The present study has
shed light on molecules which were previously not consid-
ered in somitogenesis, and has also opened a way in which
somitogenesis can be investigated by novel biological as-
pects.
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